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Detection limit of X-ray Spectroscopy
Is XAS A Good Probe Contaminant Speciation?

Mishra et al., In review 
(Nature Geoscience)



Zinc speciation in edible plants grown in smelter soil

XANES fingerprinting and first shell EXAFS analysis 
can provide neat results. 



Zn Speciation in Edible Plant Leaf

9650 9675 9700 9725

0.0

0.4

0.8

1.2

1.6

2.0

 Hot Spot Micro-XANES

 Bulk XANES - Entire Leaf

 

 

N
o

rm
a

li
z
e

d
 X

-r
a

y
 A

b
s

o
rp

ti
o

n
 I

n
te

n
s

it
y

Energy (in eV)

9650 9675 9700 9725
0.0

0.5

1.0

1.5

2.0

2.5

4
4

3

2

1

N
o

rm
al

iz
e

d
 F

lu
o

re
sc

e
n

ce
 Y

e
ild

Energy (in eV)

Malate

Histidine

Cysteine



a

1000 µM

ba

1000 µM

a

1000 µM1000 µM

b

0 1 2 3 4 5

Main Root

Root Hair 

 

 

Radial Distance (Å)

M
a
g

{F
T

 (
k

3
χ
(k

))
}

0 1 2 3 4 5
0

2

4

6

8

10

 

 

R
e

 {
F

o
u

ri
e

r 
T

ra
n

s
fo

rm
}

Radial Distance (A)

 Cysteine

 Histidine

 Malate

M
a

g
{F

T
 (

k
3
χ(

k
))

}

Radial Distance (Å)

1.2 1.6 2.0 2.4 2.8 3.2

-8

-4

0

4

8

 

 

R
e
 {

F
o
u
ri
e
r 

T
ra

n
s
fo

rm
}

Radial Distance (A)

 Cysteine

 Histidine

 Malate

Radial Distance (Å)

R
e 

 {
F

T
 (

k
3
χ
(k

))
}

0 1 2 3 4 5
0

2

4

6

8

10

 

 

R
e
 {

F
o
u
ri
e
r 

T
ra

n
s
fo

rm
}

Radial Distance (A)

 Cysteine

 Histidine

 Malate

M
a
g

{F
T

 (
k

3
χ(

k
))

}

Radial Distance (Å)

0 1 2 3 4 5
0

2

4

6

8

10

 

 

R
e
 {

F
o
u
ri
e
r 

T
ra

n
s
fo

rm
}

Radial Distance (A)

 Cysteine

 Histidine

 Malate

M
a
g

{F
T

 (
k

3
χ(

k
))

}

Radial Distance (Å)

M
a
g

{F
T

 (
k

3
χ(

k
))

}

Radial Distance (Å)

1.2 1.6 2.0 2.4 2.8 3.2

-8

-4

0

4

8

 

 

R
e
 {

F
o
u
ri
e
r 

T
ra

n
s
fo

rm
}

Radial Distance (A)

 Cysteine

 Histidine

 Malate

Radial Distance (Å)

R
e 

 {
F

T
 (

k
3
χ
(k

))
}

1.2 1.6 2.0 2.4 2.8 3.2

-8

-4

0

4

8

 

 

R
e
 {

F
o
u
ri
e
r 

T
ra

n
s
fo

rm
}

Radial Distance (A)

 Cysteine

 Histidine

 Malate

Radial Distance (Å)

R
e 

 {
F

T
 (

k
3
χ
(k

))
}

Zn Speciation in Edible Plant Root

Mishra et al., in review (GCA)



Ternary complex of Pb with clays and siderophores

Multiple data set fitting would have helped but 
multiple data sets were not available.  
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Mishra et al., 2010 (Chemical Geology)

Simultaneous fitting of multiple data set would have helped 
but multiple data sets were not available.  



pH 7.5 pH 7.5

Fitting with R factor χν
2

O path 0.0090 756

O and Al paths 0.0064 388

O, C, and Al paths 0.0041 202



How do you do XANES Linear Combination fits?  



Bioreduced sample has several isobestic points with Mn(II) and Mn(IV) 
standards, but not with Mn(III) standard

Bioreduced sample seems to be a linear
combination of Mn(II) and Mn(IV)

Isobestic points



Bad normalization

Isobestic points are NOT obvious!!



Bad normalization



Reduction of the system from Mn(IV) to Mn(II) during the reaction

Oxidation state of Mn in the system:
Starting material > control >  sample



Inclusion of Mn(III) standard in the Linear Combination Fit for bioreduced sample is 
statistically insignificant

R-factor = 0.001802
reduced chi-square = 0.0011392

R-factor = 0.001917
reduced chi-square = 0.0012004

Fitting with Mn (II) and Mn(IV) Fitting with Mn (II), MN(III), and Mn(IV)



Mo complexation with Soil Organic Matter
A case of multiple data set fitting



Wichard, Mishra, Bellenger, Myneni, Krapiel, Nature Geoscience, 2009



The question whether Mo was 
Complexed with O or S moities
was easily answered by XANES 
fingerprinting.

BUT !



Presence of Cysteine component in 
the Leaf Leachate sample required 

more detailed analysis.  







Cadmium Complexation with Bacterial Cell Surface

A perfect example of multiple data set fitting.   





Decreasing amplitude with increasing 
Cadmium concentration  

3 ppm sample has a phase shift





I see many isobestic points.
Clues, anyone?? 





Compared to Cd Perchlorate: 
1) Cd Acetate has smaller amplitude
2) Cd Sulphide has a phase shift









A hydrated cadmium ion: the Cd(H2O)6
2+

complex surrounded by water.

Cadmium ion complexed bidentate by an

acetate group in solution.

Cadmium ion complexed by a 

phosphate group in solution. 

CdS has the same crystal structure as ZnS







First run all the fits independently, and fine-tune.  The fitting parameters like 
DWF, delr, and E0 are similar for the corresponding paths of all the samples. 

Then…….. 

Float E0 for one sample and fix the E0 of the rest of the samples to that value 
(you are adding only one guess parameter)

Float coordination number of O, C, P, and S for all the 5 samples. That adds 
20 guess parameters.

Float the DWF(s) and delr(s) of each shell (paths) for one sample and fix the 
DWF(s) and delr(s) of the corresponding paths in all other samples to that 
value.

Finally, the DWF(s) and delr(s) of the paths were the same as standards 
(within uncertainty). So fixed them to the value of the standards, leaving only 
21 guess parameters. 

Steps for fitting mutiple data sets







Why was multiple data set analysis so useful?

Smaller uncertainties. 
Lower correlations between different path parameters.
Bring out subtle differences in related data sets.



3.0 15 30 100 200

No 3.18 ± 0.28 3.72 ± 0.22 4.28 ± 0.20 4.98 ± 0.14

Nc 1.17 ± 0.42 1.30 ± 0.56 1.46 ± 0.60 1.40 ± 0.54

Ns 4.10 ± 0.65 1.42 ± 0.14 0.90 ± 0.16 0.45 ± 0.16

Np 0.35 ± 0.26 0.58 ± 0.30 0.83 ± 0.30 0.95 ± 0.34

Ro = 2.28 Å, σo
2 = 0.009 Å-2

Rc = 2.70 Å, σc
2 = 0.012 Å-2

Rs = 2.53 Å, σs
2 = 0.009 Å-2

Rp = 3.41 Å, σp
2 = 0.015 Å-2

ΔE0 = -1.4 ± 0.6 eV

3.0 15 30 100 200

No 3.18 ± 0.48 3.72 ± 0.42 4.28 ± 0.60 4.98 ± 0.64

Nc 1.17 ± 1.08 1.30 ± 1.12 1.46 ± 1.18 1.40 ± 1.32

Ns 4.10 ± 1.20 1.42 ± 0.80 0.90 ± 0.62 0.45 ± 0.35

Np 0.35 ± 0.36 0.58 ± 0.50 0.83 ± 0.58 0.95 ± 0.64

Results from Multiple
Data Set Analysis

Results from Single Data Sets



Comparing the two consortia tested using EXAFS
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Questions??


